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ABSIMCT

In certain pressurized wates reactor (PWR) designs, emergency core coolant
(ECC) Is inj~cted throu8h the hot legs into the upper plenum. The condensation
of steam on this subcooled liquid stream reduces the pressure in the hot le8s
and upper plenum and thereby affects flow conditions throughout the reactor.
In the present study, we axamirie countercurrent stesm-water flow in the hot leg
to determine the deceleration of the ECC flow that results from an adverse
pressure gradjent and from momentum exchange from the steam by I,tterfacial drag
and condensation. For the parameters examined in the study, water flow rever-
sal ~.s observed for a preesure drop of 22-32 m8ar over the 1.5 m hot leg.

We have also performed ● three-dimensional study of subcooled water injec-
tion into ●ir and steam environments of the upper plenum. The ECC water is de-
flected by ●n array of cylindrical ~ide tubes in its paaaage through the upper
plenum. Compariaona of the air-water resulte with data obtained in a full
scale experiment shows reasonable ●8reement, but indicates that there may be
too much resistance to horizontal flow ●bout tha columns because of the use of
a ctair-step representation of the cylindrical guide tube cross section. Cal-
culations of flow naac single columns of stair-st~p, square ●nd circular cross
oactlon do indicate ●xcassiv~ watar daantrainment by the noncircular column.
This hau prompted the use of ●n ●rbitrary mesh computational procadure to more
●ccurately r~prasant the c,ircular cross-section guide tubes.

1: INTRODUCTION

In cartain prascurized wstar raactor (PWR) desi8no, ●ergancy core coolant,
(ECC) is injactod through the hot legs into the upper plenum. The condensation
of steam on this subcooled liquid ntream reduce~ the pressura in the hot le8s
●nd upper plarwm ●nd thoraby ●ffectm flow conditions throughout the reactor.
Thus, ● system cod~ will be requird to ●nalyze the dynamic. of this transient
two-phaao flow.

In the pr~sant study, we examina th.sa steam-watgr flows in the hot lQS
●nd upper plenum in ord~t to provide mod~ling ●oo!stanca for the systems calcu-
lation. Thsu component ●tudieo ●re now conaid~rcd oaparataly, althou8h ma
objactive of tha program 1. to ●xamine ttw int~raction of the flow in th upper
plenum with that in tht hot l~ge.



In the hot leg part of the study, we assume that the ECC flow encounters
an adverse pressure gradient that is driving steam counter to the water flow.
We wish to determine the deceleration of the ECC flow that results from the ad-
verse pressure gradient and from momentum exchange from the steam by interra-
cial drag and condensation. We have derived a computer model for the mass, mo-
mentum and energy exchanged in this countercurrent flow [1], based on the exam-
ination of a large body of experimental data dealing with cocurrent and coun-
tercurrent gas-liquid flow. We than examine the sensitivity of the steam-water
interactions in the hot leg to variations in the coefficients of the mass and
momentum exchange functions.

The effectiveness of the ECC system is enhanced if a large volume of tl~is
water can penetrate through the complex guide tube arrangement of the upper
plenum to drain down and cool the central part of the core. Thus in the second
phase of the study, we examine the breakup and deflection of the ECC jet by in-
teractions with the guide tubes of the upper plenum and Its loss of subcooling
through the condensation of steam. In addition to the steam-water study, we
also examf,~e afr-water interactions in the geometry of the upper plenum for
comparison with full-scale experimental measurements [2].

Ir~ a Cartesian coordinate system it is necessary to represe~t the circular
cross-section guide tubes by a stair-step arrangement of calculation cells.
The @ens:tivity of the calculated results to the guide tube cross-sectional
representation la examined by comparing results obtained in a single guide tube
study using a stair-s~ep, square or circular crose-section guide tube. These
results suggest the need for a better guide tube representation, which is ac-
complished through the use of a computational procedure that permits an arbi-
trery mesh generation.

2: COUNTERCURRENTFLOWIN THE HOT LEG

In this study ECC is injected at the bottom of the hot leg from a pipe of
roughly ellipsoidal shape, A echmatic cross-sectioral view of the hot leg and
the ECC injection pipe is shown fn Fig. 1. The cross-sectional area of the ‘CC
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pipe is 00038 m’, while that of
the hot leg is approximstelv 0.45

m2. In the one-’dimensional, fi-
nite difference calculations we
represent this two-phase pipe

flow by two-phase flow in a rec-
tangular channel, in which the
lower 10% of the channel is
fillad with water and the upper
90% w?.th steam, both ●t satura-
tion temperature. Subcooled wa-
ter (at temperature 308 K) is in-

1

jetted into the system through e
port on the lower ri8ht side of
the channel, at ● velocity of -7

— 0.42 m-m- /s. A preesure drop la main-
tained over the system, ●cceler-
●tina the steam counter to the

A’croms-sectional view of the waterO The ●veraae presoure In

hot leg pipe with the allip- the hot let is about 6 Sers ●nd
soidal ECC pf,pa at the bottom. the eorrQspondin8 saturation tem-



perature is 431 K. The boundary conditions permit the steam flow to be re-
versed if the deceleration that results from momentum exchange with the water,
together with wall drag, exceeds the pressure acceleration. However, the
boundary conditions in this one-dimensional study do not permit water to be
transported out across the water inlet end of the channel. If the water flGw
is halted before it reaches the outlet to the reactor vessel, the water accumu-
lates in the channei in the form of a growing wave. We Interpret this situa-
tion as effective water flow reversal and terminate the calculation. However,
if the water penetrates to the reactor vessel, the calculation reaches a steady
state condition. At steady atate the water depth increases monotonically from
the ECC inlet port to the reactor vessel, with the change in depth proportimal
to the water deceleration, so the mass flow rate is constant.

In this study we make use of a one-dimensional version of the K-TIF numer-
ical method [3] for time-dependent” incompressible, multi-phase interactions.
Reference 1 provides a description of the equations that are solved in thiu
studyp so that description will not be repeated here. However, we do discues
the momentum and mass exchange functions that are used.

The interracial momentum exchange function has the form

K=fplu-ul/H ,
10g!t8

where p is density, u is velocity, H is
and the subscripts g and 4 refer to 8as

(1)

the height of the calculation regiori,
~nd liquid. The coefficient fu ac-

counta for the waviness of the interface, and corresponds to the ratio of weve
amplf.tude to wavelength [1]. For the relative velocities that axist in this
study we expect to encounter three wave regimas: three dimenaiorml wave~, roll
wavas and droplet entrainment from ungtable wavti crests. Traneiiions between
flow re~imes ●ppear to be scale dependent [1], hut j- large ccale horizontal
air-water experiments Wallis [4] determined ~h~t thraa dimcnsionnl wav~s devel-
op ●t a relative velocity of ●bout ~ ~;., the tr~nsitton to roll wavas occurs
●t about 11 m/a, ●nd entrainms,~c begins at ●bout 17 m/a, In othet large scale
experiments van Rossum [5] determined that the ralatlve velocity for water
droplet entrainnant in air la shout 18 m/s.

In tht hot lGB injection study we assume that the momentum ●xcha)i8e coaf-
ficiant fu varies with flow resime, using WalliB’ relative velocity critaria

for ~he transitions between flow regimes. We axprecs this assumption,

0.1 , ‘re 1 < 5 m/s

1
0.1 + 0.033(ure1-5) , 5 < Urel < 11 m/9

fu.fwmx
0.3 +o.117(ur*1-11) , 11 ~ Urel < 1’? K/s

1.0 , 17<U
re 1

<2)

where ur,l “ Iut-ugla Interpreting fw ●e the ratio of wave ●mplitu4Q to wave-

length, the ralationo in Eq. (2) imply that the ratio 1. 0.1 ~w ~x tt ths on-



set of threa dimensional disturbances, 0.3 f at the onset of role waves,
w max

“ ~x in the droplet entrainment regime. The droplet entrainment re-and 1.0 f

gime does not correspond to a particular wave form, but the increase in the mo-
mentum exchange coefficient for this regime derives from the assumption that
the addition of droplets to the gas field results in increased interracial
drag. One could also consider modifying the density of the gas field to ac-
count for droplet entrainment, but this was not done in thi:~ etudy.

The mass per unit volume per unit time changing phase by condensation is
given by

@ Ta-Tt
J.J —s Iu -u I — ●

chfgH t g “ d
(3)

in the hot leg study. Here Jc is a nondimensional coefficient, b is specific

kat, hfg is latent heat, s is the turbulent macroscale, T is the temperature

and d is the thermal boundary layer thickness. The principal fuctor controll-
ing mass exchange at the interface is the turbulent mixing of cool water from
within the liquid layer up to the interface. We include this effect in Eq. (3)
by the product s Iu -uE g t“ which Is proportional to a turbulent eddy viscosity.

The ratio of length scales sg/d in Eq. (3) is modeled by

(4)

where x/L is the fractional distance measured from the ECC inlet port. The
purpose of this form is to represent a very thin thermal boundary layer at th~
ECC injection port and the rapid growth of this boundary layer with distance
frofi thie inlet. The model has not been teoted axperimantally and hence could
bc! a eource of exceesive heat transfer to the water in this study.

We estimate the ma8nitude of the mass exchan8e coefficient Jc on the basis

of numerical comparisons with rnmall ccalc condensation experiments performed at

Northwestern University [6]. A value Jc = -4x10-4 gave good a8reement with ex-

periments in one-dimensional calculation of those cocurrent, horizontally-
●gratified steam water flowe.

The wall friction coefficianta for the water and steam were obtained from
Schlichtin8 !7], aosuming a ●and roughness valu~t ●quivalent to that of struc-
tural cteel pips. Th coefficient ueed In thitl otudy ●ra c1 - 0.014 and C2 =

0.011. The larger friction coefficient for the water reflects the fact that,
prior to entry .tnto the hot les, the water had been flowing in a much smaller
pipe. In the numerical computations tha friction coefficient for the stecm in
multiplied by ●n area ratio factor to ●ccount for the Sreater curface ●rea of
it~teraction in hot le8 pipe compared to the rectangular calculation region. No
such adjustment iti ●pplied to &he water, because its ● rea of interaction is ap-
proximately the samo in both cscma.



2.1. Results of the Calculations

The principal uncertainties in this calculational study are the coeffi-
cients of the mass and momentum exchange functions, Jc and fu. Therefore in

this section we examine the sensitivity of the steam-water interactions to var-
iations of these coefficients. We also examine the important interactions be-
tween the condensation process and the pressure variations in the system, and
the consequences of these interactions on momentum exchange between the phases.

Figures 2 and 3 show some results of variations in the msss exchange coef-
ficient J=. Figure 2 shows the calculated water velocity at the exit to the

reactor vessel as a function of pressure drop over the 1.5 m channel. Each da-
tum point represents a steady-state result obtained from a single numerical
calculation. The water, which is injected into the hot leg at the velocity - 7
m/s, is decelerated during flow through the 1.5 m channel by the adverse pres-
sure gradient and by momentum exchange from the steam and from the rigid wall.
Increasing the pressure drop increases the deceleration, so that the results
take the form of a flooding curve, with increased pressure drop leading to de-
creased water penetration velocity and finally to zero penetration, or cmplete
flooding.

The value Jc = -4xlO
-4

was found to produce good ‘g~eement with experiment

[6] in a one-dimensional numerical study of cocurrent, horizontally-stratified,
steam-water flow. Thus, in the absence of other information, this is our best
eFtimate of the value of Jc. However, Fig. 2 shows that a variation of this

coefficient from O to 1.2x10-3 has relatively little effect on the w!ter exit
velocity into the reactor vessel. The minimum sustainable exit velocity is ap-
proximately -2.5 m/s; any greater deceleration results in water flow reversal.
For the range values of Jc examined in Fig. 2, flow reversal occurs for a pres-
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Fi8. 2. Wat@r velocity ● t the ●xit from tha hot la~ to tha raactor vassal as ●

function of pressure drop over th~ 105 m channel for four values of
the mass ●xchange coefficient.
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Fig. 3. Water temperature at the exit from the hot leg to the reactor vessel
as a function of pressure drop over the 1.5 m channel for three values
of the mass exchange coefficient. The water is injected tnto the hot
leg at the temper~ture 308 KO and the saturation temperature is 431 K.

sure drop from the vessel to the ECC inlet of approximately 22-32 mllar over
this 1.5 m distance.

The principal effect of condensation on momentum exchange in the hot leg
comes about, not through phase change, but through the greater interracial drag
that results from the increase in the steam velocity into the channel. The
largest inlet steam ‘%~elocity against which water can penetrate Into the reac-
tor vess~l ie about 21 m/s for the four valuee of Jc considered in Fig. 2.

The water temperature at the exit to the reactor vessel increases with the
mass exchange coefficient Jc and with the pressure drop over t?le hot leg, as

shown in Fig. 3. The water entetn the hot leg at 308 K, so these results indi-
cate a decrease in subcooling in the range 8-31 K for the three values of Jc

considered. Of course, when Jc = O the water remains at th~? initial subcooling

of 123 K. Two factors that contribute to the increase in w~lter temperature
with ;rcosure drop are the increaea in the relative velocity between the
fluide, which leads to 8reater turbulent mixing in the water layer and hence
more cond~naation, ●nd the longer t’suidence time of the water in thu chpnnelm

In Fig. 4 we exumina the sensitivity of the calculated oteam-water flow in
thu channel to varirtionb of the momentm exchange coefficient fw ~x of Eq.

(2)0 Fi8ure 4 ahow~ floodlng curvee of th~ water velocity at the exit to the
reactor vess~l aa a function of the pressute drop over the channel for three
valuec of fu ~x. The exiting water velocity is not strongly sensitive to
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Fig. 4. Water velocity at the exit from the hot leg to the reactor vessel as a
function of pressure drop over the 1.5 m channel for three values of
,L,e momentum exchange coefficient in M* (2)*

f ~ ~x wh~n plotted in this way. However, these results indicate that this wa-

ter velocity increases wit+ fu ~x for a given pressure drop. While this re-

sult appears counter-intuitive it can be explained by the relationship between
condensation and interracial dr~g.

When the drag coefficient ie decreased at a given pre~sure drop, the cal-
culated steam flow into the channel is increased. In the absence of condensa-
tion the steady-state interfaciel drag is changed only slightly, because the
pressure gradient and the interracial drag tarm dominate the gas momentum equa-
tion under these circumstances, If the drag coefficient is decreaeed, the gas
velocity into the eyetem will increaee, so that the pressure gradierlt and in-
terracial stress will again be in balancea Thus, there will be a qreater rela-
tive velocity between the fluide, no if condensation ia included, as it was in
tho calculations of F~g6 4, thera will be more momentum fixchan8e by that mecha-
nism [sea Eq. (3)]. Hence, the calculntud water flow into the reactor vessel
decreases with decreasing fw ~x at a given preseure drop over the channel.

For the range of valuns of the cuefficiertt fu -x considered in Fi8. 4,

the pr,.ssur~ drop over Lh@ channel required for flow reversal variee in the
range 22-30 mBar. The minimum suctalnable water velocity into thg reactor ves-
eel 18 approximately -2.5 mla. The maximum incoming steam velocity for which
water is able to penetrate Snto the reactor vessel variea from about 17 m/s
when fw -Y = 1.5-to ●bout 30 m/a when fw ~x - 0.5..

In Fig, 5 we @how the vnriatior~ in the wetor temperature ● t the exit to
the reactor vaaeel for th range of parametore ixnminod in Fig, 4. The water
temperature shows an oppociL. trend from that of tha wet~r velocity dats for
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Fig. 5. Water temperature at the exit from the hot leg to the
as a function of pressure drop over the 1.5 m channel
of the momentum exchange coefficient in Eq. (2). The
jetted into the hot leg at the temperature 308 K, and
temperature is 431 K.

the ~easons di~cussed in relation to Fig. 3. A decrease In fw

crease iil the pressure drop causes an increase in the relative
the fluids, which promotes greater turbulent mixing within the

4C

reactor vessel
for three values
water is in-
the saturation

mex or an in-

velocity between
water layer and

hence more condensation and heat transfer from the s~eam, and an iucrease in
the water residence time in the channel.

2.2. Validity of the Results

The validity of these results might well be questioned on the basis of un-
certainty in the values of the mass and momentum exchange coefficients used in
the numerical calculattone. However, Fig. 2 indicates that these results are
not very sensitive to the value of the maas exchan8e coefficient within a rea-
oonnble ran8e of ite Varfatione. Indeed, the main conclusion would be the same
if we neglected condensation entirely. However, there may be a greater uncer-
tainty in regard to the value of the momentum exthan8e coefficient used in this
●tudy, ●lthough the results of Fi8* 4 indicate that a further decrease In the
momentum exchan8e coefficient irom those considered here may result in ECC flow
reversal ●t ●ven smaller presnure drops.

There is ●nether way of checking on the r~eults of this ktudy without re-
gard to the form of the mass and momontum exch~nge terms. This can be done by
conaiderin8 the mixture equation formed by addin8 the steady state momentum
●quations and ne81ectiag axial diffueion and wall dra8. Using this procedure,
it is shown in reference 1 that ● preesure drop over the hot le8 of 23.3 rnBar



WOUIUprcduce a 50% decrease in water velocity in the hot leg. This is c~on-
Sistent with the results cf Figs. 2 and 4.

3: DEFLECTIONOF THE ECC JET BY UPPERpLENm COLUMNS

In the upper plenum study we will consider both air-water and steam-water
interactions. The results of the air-water study are con?zred with measure-
ments obtained in a three-dimensional, full-scale test facility in Cermany
[2]. Figure 6 shows a hori~ontal cross section of the test facility and out-
lines a subsection of the upper plenum for which numerical computations were
performed. Also show in the figure is che hot leg and the ECC injection pipe
which lies on the bottom of the hot leg as shown in Fig. 1.

In the air-water experiments [2] water was injected into the upper plenum
from the hot leg opening at the rate 333 kg/s (inlet velocity is 7.9 m/s) at
atmospheric pressure. Pitot tube measurements were made 106 cm below the water
injection elevation. The pitot tube resided in a water pool 1 cm below the
pool surface and was moved along the line-of-sight paths between the columns.
The recorded pressure head at numerous locations was used to deduce information
on the vertical flow rate. Around the perimeter, between the outer columns and
the plenum wall, flow rate data was taken with a pair of cups that could be
moved along arcs of constant radius. The cups were located 172 cm below the
w~ter injection elevation.

3.1. Calculations in a Cartesian Coordinate System

The three dimensional K-FIX code [8] has been used to perform both air-
water and steam-water calculations in this upper plenum geometry. Since this
code is fully documented we will not describe it here, but we do discuss the
momentum and mass exchange terms used in the study.

w’Yi& ~Computing Region

%’=
\ Hot Leg J

/

Water Injection Pipe A

Fig. 6. Horizontal. section of the ●ir-water test facility and the computing
re8ion boundaries. Dimensions ● re in cm.
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The momentum exchange function has the form

K=;Pg {a(l-a)lugmgl +v/[ra(l-a)J}lr , (5)

where r is a mean entity size and v Is the kinematic gas viscosity. The first
group of terms in Eq. (5) describes the momentum exchange function that is ef-
fective for nonvanlshing values of the volume fractions, while the second group
ties the two fields together near the volume fraction limits. Although the
latter fs probably too restrictive on the droplet motion, only very small
amounts of the injected water are involved, since void fractio~s typically
greater than 99% are required to significantly reduce relative motion. The
form of Eq. (5) is equivalent to that used in PWR downcomer studies [9], which
involved highly agitated gas-liquid Interactions such as observed during upper
plenum injection. The entity size r was taken to be about twtce the value used
for the downcomer study because of the more cohesive appearance of the water
flow. On this basis we obtain the value r - 0.24 cm.

The mass exchange function used In the steam-water calculations is equivalent
in form to that of Eq. (3), but the coefficient now is proportional to the
product of the volume fractions, and the term H is replaced by a factor propor-
tional to the cell size. The turbulent mscroscale and the thermal boundary
layer thickness are assumed to be 1/4 and 1/2 the spacing between the upper
planum guide tubes, respectively. The final mass exchange rate is 20% smaller
than that used in downcomer flow simulations [9].

In the horizontal plane the computing region is a mesh of 19 x 23 square
cells, 5 cm on a side. The circular guide tubes are approximated with 13 of
these cells, as indicated in Fig. 7, which shows the steady-state liquid veloc-
ity field in the air-water calculation at the water injection elevation. Five
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Fig. t. Steady-state liquid velocity field for the air-water calculation at
the elevation of the water injection. The speed of the incoming water
is 790:4 cm/s.



major guide tubes and one minor one are resolved in the numerical study. In
the vertical direction there are 17 computation cells, each 13.05 cm high.

Results of the calculations. The comparison of the air-water calculation
data and the comparisons of the steam-water and air-water results are shown in
Figs. 8-11. Fig~re 8 shows the flow rate distribution in kgls for water leav-
ing the computing mesh across its bottom boundary. The values represent aver-
ages over the indicated regions. Values in Farenthe9iS correspond to the data,
while the others are calculated results. ‘fhe total water fiow across the bot-
tom, which is the sum of the flow in each region, is calculated to be 131 kg/s
compared with a value of 80 kg/s indicated tv] the data. In the regions around
the columns~ where the calculated averages are significantly higher than the
data, large contributions to the average occur from the cells adjacent to the
columns, which indicates film flow down the columns. Such a situation could
not be accurately measured by the pitot tube traversing between the columns.
At best the pitot tube could detect only the induced wave motion on the water
surface, but any inference about the vertical flow rate from a Bernoulli rela-
tion, as is done, would be an underestimate. On the other hand, the stairstep
approximation to the circular cross-section of the columns used in the calcula-
tional model offers more resistance to hot.zontal flow that it should. This
point will be considered in more detail

c

l_r\’”””’/\ / .

Ji)

0.17

i
14.4

(4.79)

A

5

18.6

“?2.2

I

Fig. 8. Flov rate dkatribution in
k8/e for water flowing out of
the computin8 mesh across its
bottom boundary for the air-
water (upper) and steam-
water (lower) calculations.

below.

The water flow across the bot-
tom for the steam-water calculation
is 8reater than for air-vater. The
total flow is 331 kg/s, which is
very nearly equal to the water in-

jection rate. (Note: No account
is taken of any deceleration or
warming of the ECC flow in the hot
leg. We assure> that it enters the
upper plenum at its initial veloci-
ty and subcooling.) A considerable
mass flow rate of steam enters the
computing mesh through the open
vertical sides. No fit~am enters
through the bottom in accordance
with the boundary condition used
for the air-water calculation. The
flow rate of steam that enters the
compiting region and condenses to
water is 26 kg/s. The entering
steam bringo with it entrained
droplets that amount to 25 kg/s, so
that tha r t water influx to the
computing ragion ia 358 kg/u. When
this inflow rate io added to the 26
k8/s, produced internally from con-
densation, it balances the net out-
flow rate of ?84 k&/s &t steady
~tate, which is achieved at about
1c4 a. About 35% of the injected
water flows acroes the bottom of
the computin8 mesh just behind the
lead column. Large amounts of con-
densation occur as the jet collides
with the lead column bscauee of’ the
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Fig. 9. Contours of mass flux in kg/s”cm4 flowing acroa~ vertical face A (see

Fig. 8) for the air-water (left) and stesm-water (rignt) calculations.
The values shown between the columns are flow rateg in kg/s. Those in
parenthe8i6 @re the data values.

significant Increase in the steam-water contact area. The rsomenturrt tranefer
from condensation and the frictional resistance of the countercurrent flowing
steam rushing towcrd the initial impact point dissipate the horizontal momentum

of the water jet,

The water flow across tha vertical boundaries of the cotnputjng mesh are

shown a~ contours of ma~s flux (kg/s*cm*) in Figs. 9-11 for faces A, B, and C
(ace Fi8* 8), respectively. The left-hand plot in each figure ohowo values for
the mess flow ra~e between the columns calculated for the air-water tests, com-
pared with the data showIi in parentheses. The right-hand plot ohowe the corre-
sponding ateam+ater results. The arrows on each plot denote the elevation uf
the water injection port centerline. In Fig. 9 (face A) the calculated total
water outflow of 45.8 kg/s ●8rees well with the total measured rate of 41.0
kg/s; however, t’ha calculated distributiotl ac,-ocs the face is different from
that measured. The @team flow rate acrosa this face is negligible.

On face B (Fi8. 10), which is the moat important face for considerations
of core cooling ●fficiency, ●greement with the data for the flow rate between
columns 1 ●nd 3 ie very good. The calculated flow rate between columns 3 and
5, howaver, ic only ●bout one-half the datu value. The 108s of water flow be-
tween theee columne is ●ssentially equal to the exceos flow calculated acroae



I

-.

~,Q197

—

5

—

1
I

I

—

21.9

I

I

H= 0.155
L~o,o17L90,(322

InWv01~01044 6 Interval =0.034

—

5

Fis. 10. Contours of mass flux in kg/e”cm2 fl~wing across v~r~ical
Fi8. 8). The orientation of the plots ●nd the meanin8 of
is th~ came as in Fig. 9.

the bottom. The fl,ow rates for steam-water ● re umch lower than for
and the sheet structura of the flow is raduced.

f~ce 0 (see
the values

air-water

The flow rate across taca C in Ff8. 11 1s the smallest flow crossin8 the
vartical boundaries. ‘1’hie calculated tlow in highly voided ●nd, although the
exitina region is Iarg@, the flow rat. is low (11s5 kg/o). The data indicate
twice ●e mch water to be ●xittrq but the highly-voided description and the
●xit lc~ation agree with the obaervationa. In the staam-water calculation no
water leave- the computing maah ●cross the boundary. In fact, the incoming
otaam flow brin8@ with it as ●ntrained droplets ●bout 19 k8/g of water.

The water injection temperature fa 293 K, which im 13Q’C subcooled ●t 6
mllarso The water 1. haated only by latant h~at deposition from condensation.
No heat transfar with tha columns 1s considered. ‘f’he tamperstur~ of water
cros.ina the bottom of the computing mash varies from 301 K co 366 K, with ●

maan of ●bcm 32S K, which 1s lJ7°C subcooled. The temperature of water
croa8in8 face. A ●nd B i~ ●omewhat hlsher. For faco A tha ttmporature rangeo
from 307 K to 421 K, but only a mnll amount of wat~r ia involved. For face 0
the temperature rangea from 306 K to 416 K with moat of the water at ~bout 374
K, which ie 58°C nubcoolad.
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Fig. 11. Contourg of mass flux in kg/o*cm2 flowing aL. os6i vertical face C (s00
Fig. 8). The orientation of th~ plots and the maaning of the !1UC8
io the same aa in Fig. 9.

3.2. Tha Eff@ct of Cuida Tuba Cro@a S~ction on Mxwnturn Flux.

In tho prtvious uaction w saw thst tho numarical rasultc ohow~d ● srwt~r
liquid flow rat~ Lhroush tha bottom boundary of the computation ra~ion, ●nd
corratpondingly lets flow throu~h th~ th~ sidgo, than was daducad from th~ ●x-
parlnmnto A poscibl~ explanation for thio is that th~ra i- an QXCQOS trmnofcr
of horizontal to vartical rwnantum AP ● rooult of using ● stair-otep represen-
tation of tha circular guide tubas. ‘I%1o ●xplanation in cupportad by tho ob-
strvatlon that tha calculational CO1lS that ●how th~ ~raatoct vart~cal l!quld
mao- fluw arc locatad on tha ftrnt fac~ of tha columns.

To test th~ thaory thmt th~ USQ of a stair-stap r~prarantatlon of ● round
cylindrical column will rg~ult in ●xc..g tr~n-f~r of horizontal to v~rtical ~-
mantum wa havt p~rformad ● otudy of wat~r flow paat ● sinBla cylindrical column
of stair-~c~p, ●quaro ●nd circular crosc section in ●n ●ir ●nvlronmant. ma
cclculntion of flw past a circular cylinder was parfo~d in cylindrical coor-
djnatos, whllo tho othar cclculatio~s wda uoa of ● Carte.ian coordinate sys-
tamo In all caoes tha liquid flaw ●ntors tho computatj~n r~tion from the upp~r
right boundary ● t ● valocity of ●pproximately 6.7 ●/a. ma croos-stcttonal
● raas of tha ●quara ●nd cylindrical column- ● rt ●pproximately ●qual, whil~ tht
stair-stop column corrcspondo to th~ ●quart column with thr~a computation calls
dalatod from ●ach cornor. I%a ●ffect of thosa variations in column crooa aac-
tion on tho liquid usc flux thrwth tb bottom boundary of th~ computation
mash can k saon in PIs. 12. Por Ltw stair-otap crona-s~ction column moot of



?1s. 12. Contour. of liquid maos
flux throu8h tha bottom
boundary from calculation
of air--wattr flow put
stair-ottp (top), oquara

(=iddla) ●nd circular
(bottom) croso-osction
column..

the liquid flux is concentrated in
the stair-step region in one e,orner
of the column. ‘l%is is consistent
with the obearvatione of ●action
3.1. I:, the square column calcula-
tion the vertical liquid flux 1s more
uniformly distributed along the front
face of the obstacle. In the calcu-
lation of flow paat the circular cyl-
inder the vertical liquid MOOSflux
is mch more uniformiy distributed,
with the maximum occurring in the
wmke of tha obstacle. The total liq-
uid mass fluxes through the bottom
b~undary of the calculation region in
kg/e are 53.4, 59.7 and 35.1 for the
●tair-step, square ant! cylindrical
columnofi respactivelv. This result
demonotratea that the une of atalr-
etep or square cross-section columns
rasuite in nuch greater vert?cal li-
quid flow in the immediate vicinity
of the column than 1s seen in the
calculation of flow past a circular
cylinder.

3.3. calculations in an Arbitrary
Coordinat@ System

In order to improve our ●bility
to rasolva circular croos-saction
columns we ●re now using the SALE-3D
computational procedure [10] in thtse
upper plenum studle~. This method
permits ● completely ●rbitrary mesh
●rrangement ●nd thereby pemits us to
“Aor@nearly repreoent the circular
cross-rsction of the columno, as
ehown in FiR. 13. l’hie figura shows
● croso-sectional view of ● mah gen-
● ratca to reprecent one-half of tho
upper plenum ●m shown in Flu. 6. The
columns ● re represented in crotia sec-
tion by octa80ns, ●nd the reglonm be-
twtmn the columns ● re smoothly sonad
to minimiza computational difficul-
ties.

?igurea 14 ●nd 13 ahm some pre-

liminary remulta obtainad in ●pplying
this proceduro to tha hot le8 ECC in-
jection otudy. ‘fheoe fi8ures chow ●

velocity plot ●nd ● void f’:actiort
contour plot ●t the ●levtlon of WCC
injection for ● 4teamnter calcula-
tion. The flsureo ohow two hot le8



Fig. 13* A horizontal cross-section of the calculation mmeh uned in the
SALE-3D upper plenm study.

Fig. 14. A VtloCity V*ctor plot at Cho 91.VatiOn of Wacar Injection fKOm J

● ttam-watar upp~r plcnurn calculccion u~ing SALE-3D.

Fit. 15. A mid fraction contour plot ● c th~ ●lawatlon of watar Injaction fr~m
● steam-wat~r uppar plonun cslculmtion usin~ SALE-31)C



guide tubes. Tha void fraction plot shows that tho liquid jet has ken da-
flected, possibly through the ●ction of tha ● taam vortices. ThIg liquid dis-
tribution appears to b concietent with the steam water reeulte seen in the
K-FIX calculation of Fig. 8.

4: Conclusion

In the hot lag part of thie study we have examined a horizontally strati-
fied steam-water flow in ● pipe laading to the upper plenum of a proosurized
water reactor. For a wide range of variations in the MSS ●nd momentum ex-
change coafficiants we observe a ve~ similar pattern of ECC daceleracion an a
function of prasourm drop over the hot lag. For the parameters examined, water
flow ravereal occurs for ● preseu~~ drop in the range 22-32 mBar over the 1.5 m
hot leg.

tla have ●100 studied th~ •ff~cte of inj~cting subcooled ECC watar into air
●nd steam environ~ntc in tho upper plenum of a PWR. In ●ddition to tha multi-
phaee interactions chst occur in this study, it is ●lso nacaaoary to calculate
the paooaga of th~ water through a complax ●rray of 8uic!e tubes. The air-water
rssulta are in reasonable ●groament vith cxporimantal rnarur~rnence, twt they
indicate that there may ba too much rosistanc~ to horizontal flow ●bout the

columns becaum of cha ●calt-stap shape of tho column crooe saction. Calcula-
tions of flw past single columns of stair-ot~p, cquar~ and circular croos sQc-
tion Indicatt that tha nuncircular columne daontrain mora watar than tha circu-
lar col’.mn. Furth@mora, thio deontrainment occurc on the front faca of the
column, tiil~ in the circular caec moot of tho d~antrainmant occurs in the wake
of the l:olumns.

Thase roeults suggtot that improved ●ccuracy of uppar pl~num flw simula-
ciona could b obtsinad if th~ circular cross @action of tha guid~ tubeo wae
mod~lad mura ●ccurmtmly. ‘fhis has promptad tho use of a cumputatioru . proc~-
dur~ that ●llows an ●rbitrary rnsh arrangamant to moro nearly roprcsant th-
circular cross coction.
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